It is increasingly recognized that volatile organic compounds play an import role during interactions between soil microorganisms. Here, we examined the possible involvement of volatiles in the interaction of Collimonas bacteria with soil fungi. The genus Collimonas is known for its ability to grow at the expense of living fungi (mycophagy), and antifungal volatiles may contribute to the attack of fungi by these bacteria. We analyzed the composition of volatiles produced by Collimonas on agar under different nutrient conditions and studied the effect on fungal growth. The volatiles had a negative effect on the growth of a broad spectrum of fungal species. Collimonas bacteria did also produce volatiles in sand microcosms supplied with artificial root exudates. The production of volatiles in sand microcosms was enhanced by the presence of fungi. The overall picture that we get from our study is that antifungal volatiles produced by Collimonas could play an important role in realizing its mycophagous lifestyle. The current work is also interesting for understanding the ecological relevance of volatile production by soil bacteria in general as we found strong influences of root exudates composition and incubation conditions on the spectrum of volatiles produced.
Introduction
The availability of nutrients, in particular of easily degradable carbon compounds, is often a major limiting factor for growth of soil bacteria (Demoling et al., 2007 (Demoling et al., , 2008 . Soil bacterial species have developed different strategies to cope with this nutrient limitation such as the ability to survive for long time and the use of secondary metabolites to suppress competitors (Garbeva & de Boer, 2009; Hibbing et al., 2010; Laskaris et al., 2010; Garbeva et al., 2011a, b) .
The genus Collimonas consists of bacteria that have the ability to exploit living fungal hyphae as an additional source of nutrients, a phenomenon called mycophagy (Leveau & Preston, 2008; Leveau et al., 2010) . To date, the genus Collimonas encompasses three recognized species: C. fungivorans, C. arenae, and C. pratensis (De Boer et al., 1998 H€ oppener-Ogawa et al., 2008) . They have been found in many different soil environments, although in rather low numbers with the highest abundance (10 5 g À1 dry soil), in slightly acidic, nutrientpoor sandy soils (H€ oppener-Ogawa et al., 2007) . The actual mechanism by which Collimonas obtains nutrients from living fungal hyphae has not yet been fully elucidated, but it is evident that several factors are involved, most likely enzymes and secondary metabolites that disturb the integrity of the fungal cell wall (Leveau et al., 2010; Mela et al., 2011) . It is becoming increasingly recognized that volatile organic compounds (VOCs) play an important role in antagonistic interactions between soil microbial species, including inhibition of fungi by bacteria (Wheatley, 2002; Kai et al., 2009; Garbeva et al., 2011a; Effmert et al., 2012) . Due to their properties (low molecular weight, high vapor pressure, low boiling point), VOCs can move through both liquid and air-filled pores in soil, enabling an extension of the distance over which microbial interactions can take place (Effmert et al., 2012) .
VOCs could also be important for mycophagous growth of Collimonas. They may extend the distance over which Collimonas bacteria can destabilize fungal hyphae and enhance leaking of nutrients. They may, however, also be used to prevent that potential bacterial competitors get access to nutrients leaking from destabilized hyphae.
The current research has been performed to get an impression of the possible importance of VOCs for mycophagous growth of Collimonas. This was carried out by addressing the following research questions: (1) Do Collimonas bacteria produce VOCs that inhibit fungi? (2) Are antifungal VOCs produced under conditions that are realistic for soils? (3) Are there indications that VOCs are involved in mycophagous growth?
Production of fungal-inhibiting VOCs by Collimonas strains and bacteria that occur in similar sandy soil environments was tested against a range of saprotrophic and plant pathogenic fungi. Detailed analyses of inhibiting spectra and of the composition of VOCs produced by two Collimonas strains were made for different agar media and sand microcosms.
Materials and methods
Bacterial isolates, fungal isolates, and growth media All bacterial strains used in this work (Table 1) have been isolated from soils. Strains encoded P4-P87, AD003-AD141, and V13-V102 were isolates from sandy dune soils in The Netherlands (De Boer et al., 2003; de RidderDuine et al., 2005) . This is the same environment from which the Collimonas strains C. arenae Ter10, C. pratensis Ter91, and C. fungivorans Ter331 have been isolated (De Boer et al., 1998 . Serratia plymuthica PRI-2C strain was isolated from maize rhizosphere, The Netherlands (Garbeva et al., 2004) . Streptomyces atratus AW01 was isolated from the Park Grass Experiment at Rothamsted Research, and Pseudomonas fluorescens Pf0-1 was isolated from an agricultural soil in Massachusetts, USA (Compeau et al., 1988) . The strains were precultured from fro- Table 1 . Antifungal activity of bacterial volatiles produced on 1/10 TSBA Bacterial strains zen glycerol stocks on 1/10 strength tryptone soya broth agar (CMO129, Oxoid). The fungal cultures Fusarium culmorum, Trichoderma harzianum, Chaetomium sp., Mucor hiemalis were also isolates from a sandy dune soil in The Netherlands (De Boer et al., 1998) . Verticillium albo-atrum strain CBS394.91 was isolated from hop (Humulus lupulus), Belgium, and Fusarium oxysporum CBS619.87 strain was isolated from barley (Hordum vulgaris), Denmark (Kowalchuk et al., 1997) . The fungal and oomycetal isolates Rhizoctonia solani AG2.2IIIB, Fusarium solani, and Pythium ultimum were provided by IRS, Bergen op Zoom; PRI, Wageningen, and PPO Lisse, The Netherlands, respectively. All fungal isolates were precultured from frozen glycerol stocks or from agar plates on 1/2 strength potato dextrose agar (CMO139, Oxoid).
Bioassay for testing the effect of bacterial volatiles on fungal growth
The bioassays were performed in glass Petri dishes containing top and bottom growth areas (see Supporting information, Fig. S1a ). At the bottom of the Petri dish, 70 lL of washed bacterial suspensions (10 mM phosphate buffer (pH 6.5) containing 10 7 cells mL
À1
) were spread on 1/10 tryptic soy broth agar (TSBA), water agar (WA), water yeast agar (WYA) or water agar (WA) plus N-acetylglucosamine. All media have been described previously in Garbeva & de Boer (2009) , Garbeva et al. (2011b) , and Mela et al. (2011) . To the lid of the Petri dish, 12 mL of water agar medium (WA) was added. The lids were inoculated in the middle with 6-mm-diameter PDA agar disks containing fungal hyphae. The bottom and the top of the plates were sealed together with parafilm and incubated at 20°C for 5 days. In such a way, the tested fungi were exposed (without direct contact) to the volatiles produced by bacteria in the bottom compartment. On the fifth day, the extension of fungal hyphae was determined and compared to that of controls (fungi exposed to medium without inoculated bacteria).
Determination of fungal biomass
For determination of fungal biomass, the whole top growth area with water agar was cut in c. 2 cm 2 pieces and transferred to a glass beaker with 20 mL sterile demiwater. The agar was melted in a microwave oven (temperature increased to c. 100°C). The melted agar was filtered over a tea strainer, and the remaining hyphae were rinsed with about 100 mL of hot water (c. 80°C). Adhering water was removed by placing the tea strainer on filter paper. The hyphae were picked from the tea strainer using tweezers and transferred to a microcentrifuge tube. The hyphae were stored at À20°C, then transferred to a glass tube with plastic lid with small holes, and subjected to freeze-drying for 48 h (Labconco Freezone 12 with Labcanco Clear Drying Chamber nr.7867000). The samples were stored in an exsiccator with dried silica gel for 3 h (Silica Gel Orange, 2-5 mm, indicator, Roth, art.nr.P077.2) before weighing the dry fungal biomass.
Microscopy analysis
The microscopic analysis of fungal morphology was performed with stereomicroscope (Olympus, SZX12) equipped with camera using AXIO VISION REL 4.8 imaging software.
Bioassay for testing the effect of volatiles produced by C. fungivorans Ter331 and C. pratensis Ter91 in sterile sand with Artificial Root Exudates
At the bottom of each glass Petri dish, 55 g of sterile, washed sea sand (Honeywell Specialty Chemicals Seelze GmbH, Germany) was added. Two artificial root exudate (ARE) solutions were prepared with sterile distilled water, 3 carbohydrates, 3 carboxylic acids, and 3 amino acids as described by Baudoin et al. (2003) . The stock solution I contained 18.4 mM glucose, 18.4 mM fructose, 9.2 mM saccharose, 4.6 mM citric acid, 9.2 mM lactic acid, 6.9 mM succinic acid, 18.4 mM L-serine, 11 mM L-glutamic acid, and 18.4 mM L-alanine (C/N 10); and the stock solution II contained the same amount of carbohydrates and carboxylic acids (18.4 mM glucose, 18.4 mM fructose, 9.2 mM saccharose, 4.6 mM citric acid, 9.2 mM lactic acid, and 6.9 mM succinic acid), but lower concentration of amino acid: 6.13 mM L-serine, 3.6 mM L-glutamic acid, and 6.13 mM L-alanine (C/N 25). The working solution consisted of 1 mL of stock solution mixed with 2 mL of 10 mM phosphate buffer (pH 6.5), to which 150 lL of the bacterial suspension (10 7 cells mL À1 ) was added. Working solution containing bacteria was mixed with sand resulting in a moisture content of 5.7% (w/w). The top growth area was inoculated with fungal hyphae as described previously. The plates were incubated at 20°C for 5 days, and fungal growth was measured as described above.
Bioassay for testing the production of antifungal volatiles by C. pratensis Ter91 in sterile sand in the presence of M. hiemalis Experiments were performed in glass Petri dishes with 55 g of sterile sea sand to which 3 mL of different nutrient media were added: artificial root exudates (ARE) solution I, 1/10 TSB or poor media [0.5 g KH 2 PO 4 , 0.1 g yeast extract, and 0.1 g (NH4)2 SO 4 per liter]. Sand was inoculated with (1) Collimonas pratensis Ter91 plus Mucor hiemalis, (2) Collimonas pratensis Ter91 plus sterile PDA disks, and (3) Mucor hiemalis only. The choice for M. hiemalis was made as earlier experiments had shown that this fungus is strongly supporting mycophagous growth of Collimonas strains (De Boer et al., 2001) . Inoculations of bacteria were carried out as described above. Fungal inocula consisted of placing 4 PDA disks containing M. hiemalis on the soil surface. The top growth area was inoculated with 6-mm-diameter PDA agar disks containing Mucor hiemalis. The plates were incubated at 20°C for 7 days, and fungal growth was measured as described above.
Trapping and GC/MS analysis of bacterial volatiles
For the collection of bacterial volatiles, Petri dish glass lids were designed with an exit to which a steel trap with 150 mg Tenax TA and 150 mg Carbopack B (Markes International Ltd, Llantrisant, UK) could be fixed (Fig.  S1b ). Volatiles were collected at 72 and 96 h, traps were removed, capped, and stored at 4°C until analysis. Volatiles were desorbed from the traps using an automated thermodesorption unit (model Unity, Markes International Ltd) at 200°C for 12 min (He flow 30 mL min
À1
). The trapped volatiles were introduced into the GC-MS (model Trace, ThermoFinnigan, Austin, TX) by heating the cold trap for 3 min to 270°C (Pierre et al., 2011) . Split ratio was set to 1 : 4, and the column used was a 30 m 9 0.32 mm ID RTX-5, film thickness 0.33 lm (Restek, Bellefonte, PA). Temperature program used was as follows: from 40 to 95°C at 3°C per min, then to 165°C at 2°C per min, and finally to 250°C at 15°C per min. The VOCs were detected by the MS operating at 70 eV in EI mode. Mass spectra were acquired in fullscan mode (33-300 AMU, 0.4 scan s The lri values were compared with those found in the NIST and the local NIOO (Netherlands Institute of Ecology) lri database. Mass spectra and lri values for identification were also collected from analysis of the pure compound applied in this study.
Statistical analysis
Each experiment was performed in triplicate. The statistical analyses of fungal biomass, fungal extension, and bacterial enumeration were carried out with XLSTAT 2010 (Addinsoft, New York) using a Student's t-test. Data were considered to be statistically different at P ≤ 0.05.
Results

Effect of bacterial volatiles on fungal and bacterial growth
The effects of volatiles produced by 30 soil bacterial strains were tested against 8 (saprotrophic and plant pathogenic) fungi and one plant pathogenic oomycete (Pythium ultimum). The three Collimonas strains, Stenotrophomonas maltophilia P61, and Serratia plymutica PRI-2C produced volatiles that were inhibiting all fungi tested (Table 1 ). All other bacterial strains showed high variation in the range of fungi that were inhibited by volatiles (Table 1) . A few strains, namely Paenibacillus sp. P4 and P68, Achromobacter denitrificans, and Pseudomonas fluorescens Pf0-1, did not produce fungus-inhibiting volatiles under the conditions tested.
Interestingly, there was high variation in the sensitivity of fungal species to bacterial volatiles (Table 1) . Plant pathogenic fungi such as Rhizoctonia solani, Fusarium culmorum as well as the oomycete Pythium ultimum were strongly inhibited by most bacteria. On the other hand, two saprotrophic ascomycetes (Chaetomium globosum and Trichoderma harzianum) were rather resistant to bacterial volatiles as they were only inhibited by a few bacterial strains. The volatiles produced by Collimonas spp. showed broad antifungal activity. This antifungal effect appeared as reduced hyphal extension as well as reduced hyphal biomass ( Fig. 1 and Table 2 ).
The production of inhibitory volatiles by Collimonas strains was strongly influenced by the composition of the medium. On the most nutrient-poor medium, water agar, there was no effect on fungal growth. Addition of yeast extract to the water agar resulted in inhibition, but the highest fungal inhibition was observed when Collimonas strains were grown on a nutrient-rich medium, 1/10 TSBA (Fig. 2) .
Volatiles produced by C. fungivorans Ter331 and C. pratensis Ter91 on 1/10TSBA Headspace volatiles produced by C. fungivorans Ter331 and C. pratensis Ter91 were collected at 72 and 96 h after inoculation on 1/10TSBA and subsequently analyzed using GC/MS. There was no difference in the volatile composition measured at 72 and 96 h. The GC/MS analysis revealed the presence of a variety of volatile compounds produced by both bacteria. Most of the volatiles produced by Collimonas on 1/10TSBA were sulfur compounds such as methanethiol, dimethyl sulfide, 1-propanethiol, S-methyl thioacetate, methyl thiocyanate, chloromethyl methylsulfide, 2,4 dithiapentane, S-methyl pentanethioate, and dimethyl trisulfide. Other classes of volatiles produced on 1/10 TSBA were benzenes, ketones, alkenes, and alcohols.
Antifungal volatiles produced by C. fungivorans Ter331 and C. pratensis Ter91 in sterile sand
To test whether Collimonas strains do also produce antifungal volatiles under soil-like conditions, we performed experiments using sterile sand supplemented with artificial root exudates (ARE). Two ARE solutions were used Volatiles produced by Collimonas that differed only in amino acid concentration but not in the carbohydrates and carboxylic acids concentration, resulting in different C/N ratios. Both Collimonas strains produced fungus-inhibiting volatiles in sand, but fungal inhibition by C. pratensis Ter91 was stronger than that of C. fungivorans Ter331 (Table 3 ). The ARE composition affected the production of fungus-inhibiting volatiles by Collimonas. A higher amount of amino acids resulted in stronger inhibition of fungi for both Collimonas strains (Table 3) .
Furthermore, microscopy analysis revealed differences in hyphal morphology and sporulation between fungi exposed to volatiles produced by Collimonas in the sand microcosm. Mucor hiemalis exposed to volatiles had tiny, straight hyphae with only few spores, the hyphae of Mucor hiemalis without exposure to volatiles were thick, branched, and formed many spores (Fig. 3) .
Composition of volatiles produced by C. fungivorans Ter331 and C. pratensis Ter91 in sterile sand supplemented with Artificial Root Exudates
The volatiles released by C. fungivorans Ter331 and C. pratensis Ter91 in sterile sand supplemented with artificial root exudates were very different from the volatiles produced on 1/10 TSBA. Most volatiles were ketones, aromatic compounds, and esters (Table 4 ). In addition, differences were observed between the volatiles released by C. fungivorans Ter331 and by C. pratensis Ter91 as C. pratensis Ter91 emitted a higher number of volatiles than C. fungivorans Ter331, in particular, in the situation when ARE with higher amino acid concentration were used (Table 4) . Changes in the concentration of amino acids caused clear shifts in the composition and abundance of volatiles.
Production of volatiles by C. pratensis Ter91 in the presence of the fungus M. hiemalis and on media supplemented with Nacetylglucosamine To test whether the presence of fungi will affect the production of antifungal volatiles by Collimonas, experiments were performed in sterile sand in the presence and in the absence of Mucor hiemalis supplemented with different nutrient media. No extra inhibition in the presence of fungus was observed in the experiments performed in the sand supplemented with artificial root exudates (ARE) solution I and 1/10 TSB. However, in the experiment performed under nutrient-limited conditions (sterile sand supplemented with poor media), the strongest volatile inhibition of Mucor hiemalis was observed in the treatment where C. pratensis Ter91 was growing in the presence of fungus (Fig. 4a) . Data represent mean and standard deviation of three replicate experiments. % Inhibition (mean AE SD, n = 3) of fungal extension as compared to controls (sterile sand only). ARE I -higher amino acid concentration; ARE II -lower amino acid concentration. Fungi/Oomycetes tested: F.c, Fusarium culmorum; F.s, Fusarium solani; V.a, Verticillium albo-atrum; R.s, Rhizoctonia solani; P.u, Pythium ultimum; Ch, Chaetomium sp.; M.h, Mucor hiemalis and T.h, Trichoderma harzianum. N-acetylglucosamine, the monomer of chitin, induced the production of antifungal volatiles by C. pratensis Ter91 and C. fungivorans Ter331 in WA (Fig. 4b) .
Discussion
Although, in the recent years, there is increasing interest in the volatiles emitted by soil bacteria (Kai et al., 2007 Wenke et al., 2010; Effmert et al., 2012) , so far there are no reports on the volatiles produced by genus Collimonas. Here, we report for the first time on the ability of mycophagous Collimonas spp. to emit volatile compounds with broad-spectrum antifungal activity. We compared the antifungal volatile production by three Collimonas strains, representing three species, with that of other bacteria that had been isolated from 'Collimonas habitats,' namely sandy dune grassland soils. Volatiles produced by the Collimonas strains had a negative effect on the growth of a broad spectrum of fungal species, and a similar broad spectrum of inhibition was only observed for Stenotrophomonas sp and Serratia plymuthica. As the genus Collimonas is known for its ability to obtain nutrients from living fungal hyphae (mycophagy), we decided that the observed broad-spectrum antifungal volatile production warranted further study for the possible involvement of volatiles in mycophagous growth.
The initial study on volatile production by Collimonas strains and other bacteria was carried out using lowstrength trypton soya broth agar as medium. This is rather different than the nutrient-poor conditions in soils and sand microcosms, in which mycophagous growth of Collimonas has been demonstrated (De Boer et al., 2001; H€ oppener-Ogawa et al., 2009) . Use of a nutrient-poor medium, water yeast agar (WYA), did still result in antifungal volatile production by Collimonas. The WYA we used is supplemented with N resulting in carbon limitation for bacterial growth (Garbeva & de Boer, 2009 ), a situation that is often occurring in soils (Demoling et al., 2007) . Antifungal volatile production by Collimonas was strongly decreased when nutrients were further reduced (water agar without yeast extract). Hence, it seems that Collimonas strains can produce volatiles under nutrientpoor conditions but that the nutrient availability should be above a certain threshold.
In soils, nutrients for production of antifungal volatiles may be provided by root or fungal exudates. Possible importance of root exudates in triggering broad-spectrum antifungal volatile production was shown here for Collimonas strains grown in sand. Collimonas fungivorans has been shown to be a good root colonizer when in competition with a highly rhizosphere-competent Pseudomonas strain (Kamilova et al., 2007) . In addition, several Collimonas strains have been isolated from samples taken in the soil root zone, including real rhizosphere samples (Leveau et al., 2010) . Mycophagous growth of Collimonas has been demonstrated in sand microcosms when confronted with several saprotrophic and pathogenic fungi that are common inhabitants of the rhizosphere in acidic sandy soils (De Boer et al., 2001; H€ oppener-Ogawa et al., 2009) . Hence, mycophagous growth of Collimonas in the rhizosphere is not unlikely, and plant root exudates could be an important factor in supplying energy for the initial attack of fungi. The presence of fungus/or fungus-derived compounds can also influence the volatiles production in Collimonas particularly under nutrient-limited conditions. In the experiments with sterile sand supplemented with poor media, the strongest volatile inhibition of Mucor hiemalis was observed when Collimonas was growing in the presence of fungus. This may indicate that volatiles are used as part of the mechanism to weaken fungal hyphae to obtain nutrients from them.
Stimulation of antifungal volatile production by N-acetylglucosamine gave more support for the idea that fungi themselves can enhance volatile-assisted mycophagous attack by Collimonas. N-acetylglucosamine is the monomer of chitin, an important structural component of fungal cell walls. It may be released from sensitive hyphae by chitinases produced by Collimonas and enhance the further weakening of hyphae by stimulating antifungal volatile production.
The overall picture that we get from our study is that antifungal volatiles produced by Collimonas could play an important role in realizing its mycophagous lifestyle as these volatiles (1) act on a broad range of soil fungi, (2) are produced under nutrient-poor conditions, (3) are produced under soil-like conditions, and (4) are enhanced by the presence of fungi or fungal-derived compounds.
Our research is, however, not only relevant for a better understanding of the role of volatiles in the ecology of Collimonas but also for the ecological relevance for the production of volatiles by soil bacteria in general. A range of different volatiles are reported to be emitted by diverse bacterial species, most of these are summarized in the recent review of Effmert et al. (2012) . Yet, most work on bacterial volatiles to date is carried out in vitro under nutrient-rich conditions (Scholler et al., 1997; Kai et al., 2007 Kai et al., , 2009 Kai et al., , 2010 Schulz & Dickschat, 2007; Chun et al., 2010; Weise et al., 2012) and may not be representative for the conditions that prevail in the environment. Recently, Weise et al. (2012) reported discrepancy in the number and spectrum of volatiles between Xanthomonas sp. grown in liquid medium culture and on solid media. In the present study, we made a step closer to reality by demonstrating volatile production in sand containing artificial root exudates. The spectrum of volatiles produced in sand did strongly differ from that produced on 1/10TSBA agar plates. More than 45% of the volatiles released by Collimonas on 1/10TSBA were sulfur-containing volatiles, whereas the majority of volatiles released from the root exudate containing sand were ketones, aromatic volatiles, and esters.
Our results indicated that the composition of root exudates, and consequently of plant species identity or plant growth stage, can have a strong influence on the composition of volatiles produced by bacteria. Several volatiles (such as methyl acetophenone; 2-pentyl pyridine; hexyl cyclohexane; 2-undecanol; phthalic anhydride; 2,6-dichloro benzonitrile; 6-dodecanone; octyl cyclohexane; and nonyl cyclohexane) were only produced by Collimonas in sand with ARE containing high amino acid concentration.
Recently, Weise et al. (2013) revealed that rhizobacteria may emit high levels of ammonia, which during co-cultivation in compartmented Petri dishes caused alkalization of the neighboring plant medium and subsequently reduced the growth of A. thaliana (Weise et al., 2013) . However, the observed antifungal effect of volatiles emitted by Collimonas strains in this work was not due to ammonia emission and changes in the pH.
Our study revealed that the spectrum of volatiles produced as well as the intensity of fungal inhibition by volatiles can differ between closely related bacteria. Hence, it seems that the bacterial identity as well as the composition of available nutrients (Schulz et al., 2004) are important factors in determining the spectrum of volatiles produced by a bacterium. Bacterial volatiles are considered to have an important role in soil fungistasis, the wide-spread occurrence of a certain level of restriction of fungal growth or germination in soils (Zou et al., 2007; Garbeva et al., 2011a) . Here, we observed high variation in fungal sensitivity to bacterial volatiles. The plant pathogens Rhizoctonia solani, Fusarium culmorum, and Pythium ultimum were the most sensitive, while the saprotrophic fungi Chaetomium sp., Mucor hiemalis, and Trichoderma harzanium were the most resistant. This confirms previous reports on difference in fungistasis sensitivity between pathogenic and saprotrophic fungi (Garbeva et al., 2011a) .
This work is the first to report on volatile compounds produced by different Collimonas strains under different conditions. Collimonas strains were among the few bacteria that were able to produce volatiles with broad-spectrum antifungal activity. The obtained results indicated the possible role of volatiles for mycophagous growth of these bacteria. However, further studies are needed to better understand the ecological role of volatiles produced by Collimonas and the pathways and genes involved in volatile production. Volatiles produced by Collimonas
